Recent advancements in materials and manufacturing processes are becoming difficult in day-to-day times to meet the industrial needs. Assembly is one of the processes in manufacturing, which takeover 20% of overall cost in manufacturing [5] . The assembly of the parts still becomes difficult, if the product consists of parts with more intricate shape. Design For Assembly (DFA) has driven product designers towards minimizing the number of parts in a product to reduce the assembly efforts and manufacturing cost. Until now, there is no generalized method to obtain modified topology of the product by DFA concept. Many industries like Toyota, Sony and many more follow their own designed DFA methodology. Generalization of DFA concept to obtain the modified topology of the product involves high skilled user intervention and demands in deep knowledge of DFA principles. In this paper, an attempt is made to generate modified topology by generalizing the DFA concept. To generalize the DFA concept and to obtain the modified topology, the research work is mainly concentrated on four principles. 1) Material properties of the parts, 2) Relative motion between the parts, 3) Contact between the parts, 4) Functionality of the parts. Depending on these principles, a general methodology has been developed to obtain the modified topology of industrial products. The methodology has been successfully implemented on an industrial product to obtain modified topology with reduced part numbers.
Introduction
Assembly is one of the major cost contribution operations in manufacturing. Many researchers are concentrating on how to achieve optimal assembly sequence while considering assembly predicates in order to reduce the manufacturing cost. Initially, knowledge based methods are implemented to achieve optimal assembly sequence [8, 12, 18] . As they need more search space, the implementation of Artificial Intelligence (AI) techniques drive researchers to implement soft computing techniques to achieve optimal assembly sequence [9, 17] .
The implementation of AI techniques for assembly sequence planning lead to local optima solution [2, 3, 15] . Moreover, the AI techniques fail to consider all the assembly predicates for obtaining assembly sequences [11, 16] . Hybrid techniques have been introduced to overcome the local optima problem by increasing the solution accuracy [1, 6, 10] . As hybrid techniques involve more complexity, the execution time for getting the optimal solution increases [7, 14] .
Design for Assembly motivated researchers to reduce the assembly cost and time while decreasing the number of parts in the assembly. Initially, DFA concept was introduced by De Fazio et.al. in 1977, which is used to estimate the time and cost of the manual assembly compared to the automatic assembly. Later on they recognized that, the only way to reduce the manufacturing and assembly cost is by reducing the number of parts in the assembly. They developed a methodology that questions the customer regarding the material used, functionality of the product, maintenance required to the product and so on. Depending on the answers given by the customer, the modified product will be developed [4] . This method has a disadvantage that requires the customer should have the complete knowledge on the product and its function. So, a person with sound knowledge on the product can only handle this methodology. This method is very time consuming and requires more search space especially for more part assembly to store the data given by the customer. Until now, there is no generalized method for applying DFA concept [13] . The industries like Sony, Toyota, Benz and many more are adopting their own developed DFA methodologies to obtain the modified topology of the products.
In this paper, an attempt is made to generalize the DFA concept to achieve the modified topology of the product by reducing the number of levels of the assembly. The method is successfully implemented on the Boothroyd motor assembly to obtain the modified topology.
DFA Predicates for Obtaining the Modified Topology
To generate the modified topology of a given assembly, DFA predicates have been considered. These predicates are considered from the DFA principles to obtain the modified topology. In the present research work, four main DFA predicates have been chosen for merging the parts to obtain the reduced levels of the assembly.
To reduce the number of levels in the assembly, the part count is to be reduced by merging the appropriate parts. Merging of parts only takes place if the parts are made of same material; the parts should not move relative to each other and there should not be any functional disturbance between the parts. Therefore, these four criteria are considered as DFA predicates in this research work.
• Liaison data
Liaison data.
Liaison data provides the information about the contact between the parts. The data is written in the form of matrix size equal to part number in the assembly and which part is in contact with another. This data is automatically generated using Computer Aided Design (CAD) interface with CATIA V5 R17.
Material data.
Material data provides the information of parts having similar material. This data is written in the form of matrix size equal to part number in the assembly. This matrix helps in finding the similar material parts for merging. This data is automatically generated using CAD interface with CATIA V5 R17.
Relative motion data.
Relative motion data provides the information about the relative motion between parts. The data is written in the form of matrix size equal to part number in the assembly. This helps in finding the motion between the parts used during merging of the parts. This data is automatically generated using CAD interface with CATIA V5 R17.
Functionality data.
Functionality data provides the information about the operational disturbance of the merging parts. The data is written in the form of matrix size equal to part number in the assembly. This data is automatically generated using CAD interface with CATIA V5 R17.
Generalized Methodology To Obtain Modified Topology
The algorithm for the proposed methodology involves the following steps.
Step-1: In this step, the methodology initially considers the DFA predicates that are extracted from the CAD environment as input.
Step-2: In this step, by considering the DFA predicates as input, the methodology identifies the contact information between the parts.
DFA Predicates
Step-3: In this step, the methodology checks the material properties, functionality properties and relative motion properties to the contact parts.
Step-4: In this step, merging of the parts takes place between those satisfies the properties mentioned in the step-3. After merging, a new modified topology of the assembly with reduced number of levels is obtained. The complete details of merging of the parts are given in the results section.
To validate the proposed methodology, an industrial product (Boothroyd motor assembly) with 10 parts (4 primary parts and 6 secondary parts) has been considered as shown in the Figure 1 . The motor assembly consists of ten parts, in which four are primary parts and six are secondary parts. The DFA predicates for the considered assembly is as follows:
Liaison data.
In the liaison matrix, '0' represents no contact between the parts and '1' represents contact between the parts. The liaison matrix is as follows:
Liaison data =
Material matrix.
In the material matrix, '1' represents the same material for the compared parts and '0' represents different material for the compared parts. The material matrix is as follows:
Material matrix=

Functionality matrix.
In the functionality matrix, '1' represents the non-presence of disturbance between the compared parts and '0' represents the presence of disturbance between the compared parts. The functionality matrix is as follows:
Functionality matrix=
Relative motion matrix.
In the relative motion matrix, '1' represents the relative motion between the compared parts and '0' represents the no relative motion between the compared parts. The relative emotion matrix is as follows:
Relative motion matrix=
The detailed methodology of DFA concept is explained in Figure 2 with the help of a flow chart. DFA predicates are initially taken as input to perform parts merging operation. [14] The merging of parts by DFA concept is clearly explained using liaison graph, which is shown in Table 1 . Table 1 explains the proposed DFA methodology to obtain the modified topology of a given motor assembly. The '3' level assembly has been reduced to '2' level assembly by merging the parts 3 & 4. The modified liaison diagram of the motor assembly is shown in the Figure 5 . The generated modified topology by DFA approach with reduced levels of assembly is shown in the Figure 6 . By the application of DFA methodology, a '3' levels assembly has been reduced to '2' levels assembly. The reduction of number of levels in the assembly (10-part assembly to 5-part assembly) drastically reduces the manufacturing cost as well as the assembly efforts and time.
Conclusions
A novel strategy for DFA approach for modified topology is proposed to reduce the manufacturing cost and time for an assembled product. The proposed methodology is implemented to an industrial product 'motor drive assembly' in order to obtain the modified topology while reducing the number of assembly levels. This methodology merges the parts that satisfy the DFA predicates, by which cost of the manufacturing as well as the time and cost of the assembly drastically reduces. The proposed method successfully obtains a modified topology while satisfying all the DFA predicates. As this method is automated, there is no need of human intervention; human error is completely eradicated. This automated method reduces the number of parts of the assembly by reducing the levels of the assembly sequence. Thus lot time is saved which results the speed of manufacturing process.
